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DISCLAIMERS 

The findings  in this   report  are not  to be  construed  as an  official 
Department of the Army position unless  so designated by other authorized 
documents. 

When Government drawings, specifications, or other data are used for any 
purpose other than in connection with a definitely  related Government 
procurement operation,  the United States Government  thereby incurs no 
responsibility nor any obligation whatsoever; and the fact  that the 
Government may have  formulated,  furnished,  or in any way supplied the 
said drawings,  specifications,  or other data is not   to be  regarded by 
implication or otherwise as in any manner licensing the holder or any 
other person or corporation,  or conveying any rights or permission,  to 
manufacture,  use,  or sell any patented invention that may in any way be 
related thereto. 

Trade names  cited in  this  report do not constitute an official endorse- 
ment or approval of the use of such commercial hardware or software. 

DISPOSITION  INSTRUCTIONS 

Destroy  this  report when no longer needed.     Do not  return  it  to the 
originator. 
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The program reported herein was conducted to determine the feasibility 
of using advanced composite materials for a helicopter main transmission 
housing to provide Increased stiffness, thereby reducing gear and bearing 
wear. 
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stimulation of future research. 
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SUMMARY 

This  program investigated  the  feasibility of applying advanced   fiber- 
reinforcod plastic composite materials to the UH-l helicopter main trans- 
mission gear housing in order  to increase stiffness  of the structure to 
reduce gear and bearing wear.    A design analysis was performed  for the 
composite transmission housing based on carbon fiber  (Modmor I)  reinforced 
epoxy composite material 

Two prototypes were fabricated and tested for stiffness in torsion and 
tension at ambient and elevated  temperatures.    Testing was also performed 
on a metal  (magnesium)  case in order to provide a basis  for comparison. 
Prototype case S/N 1 showed a substantial Increase in torsional stiffness 
but a reduction in tension stiffness over the metal  case.    A design modi- 
ticatlon resulted    in changes  in  fiber orientation in the  flange section 
and additional t 45    plies in the barrel section for prototype case S/N 2. 
Case S/N 2 was  tested extensively, with deflection measurements  being 
made at a number of Intervals around the housing's  circumference for both 
tension and torsional loading.     Deflection of the composite case was found 
to vary dependent on the  location.    Deflection measurements   ranged from 
a small fraction of those  for the metal case to slightly greater. 

ill 
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INTRODUCTION 

The  objective  of this  program was  to determine  the  feasibility  of applying 
advanced  fiber-reinforced plastic  composite materials  to the UH-1 heli- 
copter main  transmission gear  housing.     Deflections of  the  present metal 
housing  under   load  have  been  identified  as a cause of accelerated gear and 
bearing wear.     Reduction  in  the magnitude  of these deflections  by the 
utilization of  high-modulus fiber-reinforced composite materials  offers 
promise   for  prolonging  the  life  of   the  transmission gears without   increas- 
ing   the weight  of   the  system.     A primary  objective of  this  program was   to 
alleviate   this  problem by designing a composite   transmission housing  having 
a   50%  increase   in stillness  over   the  present metal housing.     The  composite 
housing was  also required  to  operate at   tempemtures  up to  350oF nnd  be 
compatible with  Specification  MIL-L-23699-B,  Lubricating Oil,  Aircraft 
Turbine  Engine,   Synthetic  Base.     Fabrication and  structural  testing of  two 
prototype  housings were   required. 

Advanced  fiber-reinforced composite materials have demonstrated  applica- 
bility  to numerous aircraft  structures with resulting reductions  in 
weight and/or   increases  in performance.     Many of  these efforts have 
involved   fairly  simple  structures   in  terms  of analysis and   fabrication 
complexity.     The   transmission  housing   investigated  under  this  program  is 
a  complex  structure due   to cutouts,   lubricant  fittings and  passages and 
internal   structural elements.     In addition,  constraints were  placed  on  the 
design  of  this  composite   structure  by  the  necessity  of  interchangeability 
with  the  present metal housing and  functionality  in the present  heli- 
copter  transmission system.     These factors and  the fact that  the  trans- 
mission housing  is  the  structural  link between the rotor and  the aircraft 
make  this  program a  significant  step   in   the  application of  composite 
materials  to aircraft structures. 

The material  selected for  the   transmission gear housing application was 
Narmco's  5208  prepreg, which   is  based on  a high-temperature  epoxy resin 
system and Modmor  I carbon fibers.     Modmor   I  fibers  have a modulus of 
55-65 million psi with a  tensile  strength  of  200-300  ksi.     This  reinforce- 
ment  provided  high-modulus properties  in  the composite material,  while 
maintaining a good  level of strength.     Selection of a high-temperature 
epoxy system was based on a  requirement   that  the case be designed  for 
operation at  temperatures up  to 350UF.     U.S.  Polymeric's EM7302  glass/ 
epoxy bulk molding compound  (BMC,) was used for the bearing  ring  insert 
and  bosses.     Secondary bonding was accomplished  using Hysol  Dexter's 
EA-934 epoxy adhesive. 

Due  to   the  shape complexity and exploratory nature of  the  program,  a  hand 
layup,   autoclave molding  process was  selected as  the  fabrication process 
for  the composite housing  shell and  internal  structure.    The bearing 
support rings were fabricated  from the epoxy/glass bulk molding compound 
by a compression molding process.     Circumferential carbon reinforcement on 
the  inner and outer diameters of  the  BMC bearing  inserts was accomplished 
by  filament winding of rings which were  adhesively bonded  to the  BMC 
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insert.     The housing was laid up in epoxy/glass  tooling from 3-inch-wide 
prepreg tape,   tailored as necessary to  fit  the cutouts and contours. 
The circumferential flange reinforcements were prepared by filament 
winding of prepreg preform rings for  inclusion in the layup. 

Two prototype gear housing units were  fabricated and tested for stiffness 
comparison with a production metallic housing. 
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TECHNICAL DISCUSSION 

TRANSMISSICTJ HOUSING DESIGN 

Function of  the Transmission Case 

The UH-1 helicopter main transmission case  (Bell part no.  204-040-353)  is 
primarily a structural housing which forms part of  the helicopter pylon 
support system (Figure 1).    That is  to say that all main rotor loads,  both 
static   and  oscillatory, are transmitted  through  this case.    The  loads are 
introduced  into  the upper flange by the  ring gear case directly above and 
are transmitted through the walls and  flanges  to  the support case  below. 
This support case is attached to the airframe via five (Figure 2)  elas- 
tomeric bearings and a steel  lift  link. 

The secondary function of the main case is  to house and support  the various 
main and accessory drive quills.    The main input spiral bevel gears  are 
housed in a  quill  which is inserted   from the aft  side of the case.     There 
are four bearing  reaction points  for the  input  bevel pinion.    It  is  sup- 
ported by a  triplex ball bearing near the outer proximity of the  case and 
by a cylindrical  roller bearing which is  installed  in a circular web  sup- 
ported member at  the nose of  the input pinion which is a part of  the main 
case.    A steering-wheel case which attaches to  the top of the main case 
houses a duplex bearing which transmits  the gear thrust and radial load 
through shear in  the upper portion of the case.    Finally, a  cylindrical 
roller bearing providing radial load  reaction is  located in a ribbed bulk- 
head disc   in the bottom of the main case.    Both  forward and  laterally 
mounted accessory pads are provided   for the respective drive quills. 

The internal shape of the case is dependent on  the geometry of the existim-, 
gears,  shafts and  flanges and  limits   the possibilities of geometry changes 
which are desirable in order to translate a metal design into a fibrous 
composite material design. 

Figures  3  and 4 emphasize the complex shape of  the existing magnesium 
casting. 

General Concept and Approach 

The requirement   for interchangeability with the  existing magnesium case 
imposes  a  severe  restraint on the form design  freedom,  resulting  in a  rela- 
tively complex shape for a design in fibrous composite materials.    Many 
different  design approaches were considered involving a number of materials 
and tooling concepts before the present design was selected.    The more 
important design considerations were: 

1. Interchangeability with respect to external and internal 
attachment points  to other gear system components. 

2. Equivalent  functions of the component with the gear system. 
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Transmission Main 
Case (Existing 
Magnesium Case) 

Support 
Case' 

Rotor 

Output Shaft 

Transmission 
Ring Gear Case 

Input 
Shaft 

Figure   1. Location of  the Transmission Case 
Within the Gear Case  System. 
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Figure 3. Base View of Magnesium Housing. 
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Figure 4. Top View of Magnesium Housing. 
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3. Structural reliability. 

4. Provisions   for high stiffness in strategic   locations. 

5. Internal configuration to promote oil circulation and lubrication. 

6. Compatibility with chemical and temperature  environments. 

7. Utilization of   reliable manufacturing processes. 

Detail Design 

The transmission case consists of a cylindrical section with integral end 
flanges.    A base disc,   resembling a wheel with spokes,   is made separately 
and bonded to  the  lower end of the cylindrical section.    Two auxiliary and 
one main bearing support  rings penetrate the cylinder wall.    The two com- 
posite rings   for the auxiliary bearings are installed concurrently with 
the layup of the cylinder, and the main bearing ring is bonded in place 
after curing of the cylinder structure.    An internal bearing support ring, 
in line with the main bearing,  is supported by a web structure which is 
bonded to the cylinder and to the base disc.    There are also several pro- 
trusions which serve to hold threaded inserts for attachment of oil 
lines.    These protrusions are molded separately and are bonded to the case. 
The composite material  transmission housing is shown in Figure 5. 

The cylindrical section with the end flanges is built as one unit.    The 
material is  laid up on  the inside surface of a segmented female mold and 
wrapped over the ends of the mold to form the flanges.    The fibers are 
oriented circumferentially (hoop), axially (longitudinal or radial), or 
± 45° to the center axis.    The orientation of each individual ply is shown 
in a diagram on drawing No. 4691  (Figure 6), which is  the detail drawing of 
the housing shell.    This  layup schedule is strictly adhered to in the man- 
ufacturing process.    Since the  flanges are much thicker than the cylinder 
wall, a large number of the plies extend only partially into the cylindri- 
cal portion of the case.    The hoop reinforcements in the flanges are fil- 
ament wound to the shape of a  flat washer and laid up on the  flange as 
separate prepreg preforms.    The two auxiliary bearing support rings are 
premanufactured and inserted in recesses in the shell  layup tool.    As the 
plies in the shell are  laid up,  they are folded inward at  the intersection 
of the ring to conform to the outside contour of the ring.    During the 
curing cycle the folded material is pressed against the bearing ring,  thur 
joining the two parts  together.    This arrangement is possible only for 
the two auxiliary bearing rings because they protrude into the cylinder. 
The main bearing support ring protrudes out from the cylinder.    Therefore, 
it cannot be installed  in the same manner as described above.    In this 
case the shell mold has a cutout slightly larger than the shape of the 
bearing ring.    As  the shell material is laid up,it is   formed around the 
cutout, creating an eyelet-type flange.    After curing of the shell, the in- 
side surface of the cutout is machined to conform to the outside shape 
of the bearing ring.    The bearing ring is then bonded in place with an 
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Figure 6.  Shell Assembly - Helicopter 
Transmission Housing 
(WRD Drawing No, 4691). 
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adhesive.    The installation of the bearing support  rings is shown in 
Figure 6. 

The bearing support  rings  consist of a core made of glass/epoxy bulk mold- 
ing compound, and  two thin graphite filament-wound  liners of the same 
width as  the core  ring.     The graphite  liners are bonded to the  inside 
and outside diameters of the core ring after being cured.    The thickness 
of the inner graphite  liner has been selected so  that  a minimum of eight 
plies of continuous  fibers  remain after the  final machining of  the  inside 
diameter.    The final machining is  performed after all  components have been 
assembled into the  transmission case.    Detail drawings  of the bearing 
support rings are: 

4693  Bearing Ring, Main  (Figure   7) 

469^  Bearing Ring,  Auxiliary  (Figure  8) 

4744  Bearing Ring, Main,  Internal   (Figure 9) 

The baae disc  resembles a wheel with spokes   (Figure   10). The center ring 
provides support  for a bearing.    The outer ring  forms a part of the lower 
attachment  flange  in the  transmission case.     The disc is made entirely of 
graphite  fiber material.    The tape material  is  cut  to appropriate length 
and size and  laid up on a  female tool and cured.    The orientation of the 
fibers and  the  layup schedule are shown on drawing No.  4692  (Figure  11), 
which is  the detail drawing of the base disc.    Prior to bonding the disc 
to the case,  the outer  rim of the disc  is machined  to match a similarly 
machined  surface at  the   lower flange of the case.    The seat is made  slight- 
ly conical to provide  good contact pressure  for bonding. 

The  requirement  for an internal bearing structure attached to both the 
cylindrical case and  the base disc  presented a manufacturing problem.    An 
early method under consideration was  to build up a core of a soluble mater- 
ial after the base disc and cylinder had been jointed  together,   lay up the 
bearing structure material over the core and,  after completing the curing 
cycle, wash out the core.    This method was abandoned and instead the web 
structure was manufactured separately and bonded  in place.    The web is 
made up of 24 plies with  fibers oriented at 0  ,   ±45    and 90  .    The con- 
figuration is  shown in section C-C of drawing No, 4690  (Figure 5).      The 
bearing support  ring,which is constructed in a manner similar to  the other 
support  rings described  earlier, is also bonded in place.    The web is  lo- 
cated approximately in the center of the bearing,  which made it possible 
to split  the bearing support  ring into  two  thinner rings and bond them on 
either side of the web.     In order to maintain a smooth inner surface of 
the support  ring,   the  inner thin graphite  liner in the  ring is  continuous 
and penetrates  through a hole in the web.    The inner bearing structure 
and bearing insert  ring are shown in Figures  12 and  13. 

There are several protrusions or pads  located on both outside and inside 
surfaces of the case.    These protrusions serve to hold threaded inserts 
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Figure 10.   Carbon Composite Base Disc Bearing Support, 
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Figure  11.    Base Disc Assembly - Helicopter 
Transmission Housing 
(WRD Drawing No. 4692). 
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for mounting oil fittings and to provide adequate material thickness  for 
drilling of oil passages.     Che protrusions are not heavily loaded.    They 
are molded of glass/epoxy bulk molding compound, shaped to fit the mating 
surfaces, and bonded in place. 

The correct relationship between features  like flange surfaces,  holes   for 
bearings, mounting holes, etc., is achieved by a final machining operation 
which is performed after all composite material items have been assembled. 
The machining operation includes grinding of flat surfaces and large-diam- 
eter bearing cutouts, and drilling and threading holes.    Finally,  sleeve 
type inserts are installed and bonded in the mounting flanges, and threaded 
inserts and studs are installed in the same manner as on the magnesium 
transmission case.    To prevent electrolytic activities, all inserts and 
studs  that are in direct contact with graphite are made of stainless steel, 
whereas  the ones mounted in the bulk molding compound are cadmium-plated 
steel. 
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DESIGN ANALYSIS 

Loads 

The basic loads for the composite materiaL transmission housing were ob- 
tained from Bell Helicopter Company Report No. 212-099-098. Two loading 
conditions were considered as  critical: 

Condition I    -    Rolling pullout with maximum left  tail  rotor  thrust. 

Condition  II -    Forward crash   (8g) 

These  loads  result  in the maximum head moments  and axial and   torsional 
loadings   to  the housing and are  indicated  in Figure  14. 

Since these basic loading conditions are  external loads applied to the main 
housing,   in analysis was  conducted  in order to distribute these  loads  prop- 
erly through  the housing structure.    Specific loading distributions were 
determined on the upper and  lower flanges,  radial, and  thrust   loadings  at 
each of the bearing locations,  and  the net  resultant support   reaction  loads. 
This  complete external and internal  loads  distribution analysis   is  pre- 
sented  in Appendix I. 

Weight 

A detailed weight analysis of  the  composite material  transmission case was 
not performed during the design stage in  the program.    A rough estimate 
indicated  that  the weight would  be nearly  the same as  for the magnesium 
case.     This was a  reasonable assumption since the configurations  of  the 
two  cases and  the material densities are very similar.    The densities   for 
the graphite  composite and the bulk molding compound are 0.058  Ib/cu  in. 
and 0.071   Ib/cu in.,  respectively;   for   the magnesium,  0.065   Ib/cu  in. 
Threaded  inserts and studs were  nearly  identical for  the  two  cases.     The 
graphite case had steel  inserts   in the mounting holes  in the   flanges, 
which did not  exist on the magnesium case.    The weight of the  32  inserts 
was 0.51  lb.     The measured weight  for the magnesium case was   23.2 lb and 
for  the  graphite case  21.5 lb and 24.8  lb  for S/N 1 and S/N 2   respec- 
tively.    The weight  increase  for S/N 2  is  due to added plies   in  the cyl- 
inder wall and  in the  flanges.  This was   required to  increase  the  torsional 
and axial stiffness, which for S/N 1 measured  lower than had been predicted. 

Structural Analysis 

Based on the  internal and external  loading distributions, a detailed stress 
analysis was  conducted on the housing.    This stress analysis   is  presented 
in Appendix II.    Materials used  in the composite material helicopter trans- 
mission gear housing are: 

Graphite/Epoxy Laminate     -    Modulite 5208 Type I 
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Bulk Molding Compound      -    EM 7302-1/2 

Adhesive -    Hysol Adhesive  EA 934 

Allowable stress and modulus of elasticity of the  respective graphite/epoxy 
laminates at   RT and  at 350"F were determined  from available experimental 
data and by establiühed analytical prediction methods.    Allowable stresses 
for EM 7302  bulk molding compound and  E1A 934 adhesive were obtained   from 
Whittaker Research and Development test data.    The margins of safety were 
established based on 350 F conditions.     They are summarized in Table  I. 

Although structural  integrity is a necessary design consideration,   the 
increase  in stiffness under load was  considered a  primary design require- 
ment.    In each of  the major areas,  stiffness comparisons were made with 
the magnesium housing using room-temperature material properties.    The 
predicted °U increase  in stiffness is  calculated as   follows: 

/COMPOSITE STIFFNESS\       .    „   inn _ 7  THri}c.AC:,, 
^MAGNESIUM STIFFNESS,/ "   1    x   100  '  /» INCREASE 

The predicted  results are summarized  in Table  II.    They show that  the estab- 
lished goal of a  507o incrtise in stiffness was  in  most cases  theoretically 
achievable.     In the  bearing supports,   the bending stiffness  increases  cal- 
culated were  considerably greater than  50%.    However,  the calculated axial 
stiffness  indicates  only 42% increase.     Since the   loading on bearing sup- 
ports results  in a  combination of bending and axial loading,   it was  ex- 
pected that  the combination would result  in the  desired increase in stiff- 
ness. 

The analysis  of the  flange areas on the  basis of  El   (bending)  shows  a  52% 
predicted increase  in stiffness   for the  composite housing design. 
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TABLE  I. MINIMUM DESIGN MARGINS OF SAFETY 

Item 
Load 

Conditio 
Type of 

n          Stress 
Margin of 

Safety 
Appendix II 

Page 

Cylinder Wall II Compression 40.96 98 

Cylinder Wall II Tension +1.30 99 

Cylinder Wall II Shear +0.69 101 

Cylinder Wall 
Lower Flange 

at II Tension +0.52 118 

Main Drive Bea 
Support 

iring I Tension +1.18 130 

Main Drive Bearing 
Support Adhesive 

1 Shear +1.08 132 
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1                  TABLE  II. PREDICTED PERCENT INCREASE IN DESIGN STIFFNESS                   | 

1          Item 

Bending 
Stiffness 

(El) 

Axial 
Stiffness 

(AE) 

Shear 
Stiffness 

(Gt) 
Appendix II 

Page            | 

Cylinder Wall - 51 71 96              j 

1 Lower Flange 54 - - 108              1 

j Upper Flange 52 - - 120 

Main Drive 
1 Bearing 
1 Support 

274 42 - 124 

Main Drive 
Internal 
Bearing 
Support 

189 42 - 
135              i 

Auxiliary 
Bearing 
Supports 

1510 '.' - 137              I 

i Base Disc 
Spoke 

132 121 - 140             | 
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MATERIAL AND PROCESS SELECTION 

The material selection  task involved  the selection of  the  following four 
materials: 

Fiber Reinforcement 
Resin Matrix 
Short Random Fiber Bulk Molding Compound 
Adhesive 

Since the primary  objective of  the program was   to obtain a  transmission 
housing having increased stiffness,  the selection of   the   fiber reinforce- 
ment was  confined  to  those which exhibit high elastic modulus  properties. 
Essentially, the selection was  between boron or  graphite   fiber reinforce- 
merts.    The boron   fiber   reinforcement was   eliminated  due  to the complex 
configuration of   the  component which made   fabrication   from boron composite 
material impractical.     This  narrowed  the selection to a  graphite  fiber, 
with  the  task being to   select  one  from the many which are available. 
Modmor Type 1  fiber with an elastic modulus of   55-65 x  10    ksi and a 
tensile strength of 200-300 ksi was selected  for utilization on the 
housing.    The selection was  based on the high modulus  obtainable in 
a composite combined with a  reasonable level of strength.     Of secondary 
consideration was  experience at WRD in the handling and use of the Type I 
fiber. 

The selection of  the matrix  resin system had as   primary considerations 
property retention at   350 F,   room-temperature  shelf  life  of  the prepreg 
material,  and resistance  to  transmission  fluid at  elevated  temperature. 
The  resin system selected was Narmco's  5208.    Mechanical property data 
for laminates based  on  5208/Modmor I are shown  in Table  III.    The long- 
term elevated  temperature   test  In air and transmission fluid was performed 
at 220a¥, since this  is a normal operating temperature.     The 350CF tempera- 
ture condition is experienced only for a  short-term duration under adverse 
operating conditions. 

A major consideration  in the selection of  the Modmor Type 1/5208 was  its 
long-term stability in prepreg form at  room-temperature  conditions.    The 
layup  time  required   for  the  prototype transmission housing was  in excess of 
two weeks. 

U.S.  Polymeric's   EC-7302  epoxy/glass bulk molding compound exhibited  good 
strength retention to  350"F   (Table IV) and good molding characteristics. 
In addition,  it  could  readily be drilled and taped  to accept threaded 
studs.    These   factors   led  to its selection  for  the molded bearing inserts. 
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TABLE III.     PROPERTIES OF MODULITE 5208  TYPE I 
UNIDIRECTIONAL LAMINATES* 

Property 
Test 

Temperature 
Prior 

Conditioning 
Strength 

(psi x 103) 
Modulus 

(psi x  106 ) 

Tension 

Compression 

RT 

220oF 

350oF 

RT 

220oF 

350oF 

None 

None 

None 

None 

None 

None 

143.7 

147.3 

139.0 

105.3 

86.3 

90.8 

26.4 

28.4 

27.3 

31.8 

29.0 

32.0 

Flexure RT 200 hr in 
transmission 
oil (a 220oF 

148.7 22.8         | 

Flexure RT None 157.1 24.5 

220oF None 136.9 24.7 

350oF None 136.6 25.6 

Flexure RT 100 hr (3 220oF 150.4 25.4          j 

220oF n 133.3 26.0         j 

350oF ii 129.3 24.6 

küre  Schedu Le: 

1.    2750F for 75 minutes in vacuum bag at  3 in . Hg pressure. 

1     2.    350oF for 2 hours (a 50 P« ii autoclave pressure. 

1     3.    3750F for 4 hours. 
^mm. 
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TABLE IV. PROPERTIES OF  EM 7302  EPOXY/GLASS             i 
BULK  MOLDING  COMPOUND* 

Test Strength Modulus. 
Property Temperature (psi x  10,') (psi x 10b ) 

Flexure RT 39.0 2.4 

220oF 36.4 2.3 

350oF 23.6 1.5 

Shear RT 7.0 ! 

220oF 5.3 - 

350° F 3.6 

* Panels  presse d  at  320oF x 1000 psi  x 20 min.                     ! 
Postcure 3 hr at 3250F. 

 - -   -    ..       ......_...    ......     .,_   ...1 
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For  the adhesive  bonding of various  components  of  the assembly,  a paste 
adhesive which could be cured  initially at  room temperature was desirable. 
Hysol's    EA 934 met these requirements and gave high-strength bonds at 
350UF  (Table V). 

TABLE V.     PROPERTIES OF EA 934  EPOXY ADHESIVE 
WITH CARBON COMPOSITE ADHERENDS* 

Property 
Test 

Temperature 
Strength 

(psi x  10  ) 

Tensile   Shear RT 

350DF 

1.5« 

8.4 

*Modulite 5208 Type I cured at RT x 24 hr 
x 28  in.  Hg.     Postcure 3 hr x 350oF. 

** Failures in adherends. 

The fabrication process  selected for the transmission housing was auto- 
clave molding in a female mold.    Autoclave molding was considered the most 
practical fabrication method  in that the housings were experimental proto- 
types and therefore did not warrant expensive  tooling which might have 
been considered otherwise. 
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HOUSING CONSTRUCTION 

Toollng 

The limited number of assemblies which were to be  fabricated and the com- 
plex configuration of  these details were pertinent  factors  In the selection 
of glass-reinforced plastic  for  tooling material  rather  than metal.    Two 
basic tools were required:     one to fabricate the  cover plate and the second 
to  fabricate the housing  shell.     A third tool was  required to  fabricate 
the  Internal bearing mount.     This  tool was machined  from an aluminum billet 
because of Its rather simple geometry.    The tools are  shown in Figures 15, 
16, and 17. 

The tool  for the fabrication of  the base cover was  a one-piece  female mold 
which formed the  Intricate shape of the  cover plate.    The tool  for the 
fabrication of the transmission housing shell was a  three-piece segmented 
design which formed  the outside  surface of the housing  and located the 
three bearing inserts.     The mold was made in three pieces to facilitate 
removal  from the cured graphite/epoxy housing.    The mating  surfaces of the 
three mold  sections were held  together by locating dowel  pins  and bolts. 

Fabrication 

Two complete transmission case assemblies were  fabricated.    While the two 
cases contain some differences  in the number of plies and ply orientations, 
the basic  fabrication process was  the same.    The case assembly was made up 
of three subassembled details.     These were the main case housing,  the base 
disc cover, and the  inner bearing mount.    Other details,   such as bearing 
Inserts which were prefabricated and Installed during  layup of  the case, 
were molded  from an epoxy/chopped glass  fiber compound.     Details added to 
the case during the final assembly Included the bearing races and the 
attachment  lug  inserts.     The  following discussion of  the  fabrication pro- 
cess  includes  fabrication of  Individual elements,  assembly,  and machining. 

Bearing Inserts 

The bearing  Inserts  consisted of an epoxy/chopped glass  fiber molding 
with sleeves of unidirectional graphite composite on the inside and 
outside diameters.     With the exception of  the bearing  insert  for the 
main drive shaft, which was horseshoe shaped,  the other three bearing 
inserts were circular.    They were prepared by machining molded billets 
of epoxy/chopped glass  fiber to the proper dimensions.    The inner and 
outer sleeves were prepared by wrapping unidirectional graphite fiber 
prepreg tape on aluminum mandrels to the desired thickness.    The 
sleeves were machined as necessary to fit the molded insert.    Mating 
surfaces of the sleeves and the molded Insert were  sandblasted and 
assembled together by bonding with EA 934 adhesive.    The bonded detail 
was final machined on the outside surface prior to  installation. 
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Figure  15.    Base Disc Mold - Helicopter 
Transmission Housing 
(WRD Drawing No. 4696). 
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Figure  16 .    Shell Mold Assembly - Helicopter 
Transmission Housing 
(WRD Drawing No.  4695). 
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Transmission Case Housing 

On S/N 1 housing, the prefabricated bearing Inserts were positioned 
Into the mold recesses prior to layup. With the bearing Inserts In 
place, the graphite fiber prepreg was applied manually per the layup 
sequence and orientations specified (Figures 18 and 19). As Illus- 
trated, there are wall thickness variations from the mldwall to the 
flange.  The staggered wall thickness presented a problem of maintain- 
ing a smooth, unwrlnkled layup due to the bulk factor of the thick 
sections. To prevent the fiber distortion In the thicker areas, 
several debulking cycles under vacuum bag pressure and at a temperature 
of approximately 150°F were performed during the layup. 

The radial and 45° oriented plies were carried continuously from the 
flange through the wall out to the opposite flange. The hoop plies 
were laid up on the tool In two different configurations. The inner 
housing wall was laid up from the 3-lnch-wide tape prepreg 
(Figures 20 and 21).  However, the wide prepreg tape could not be used 
for the hoop plies in the flange.  Instead, ring-shaped prepreg pre- 
forms were prepared by filament winding continuous graphite fibers. 
The bulkiness of these preforms, however, contributed to some distor- 
tion at the wall/flangG transition area. 

After the housing L.  ■> was completed, a final precompaction cycle was 
performed and mea.     .cs were made to assure that sufficient material 
was available in the tlange and wall buildup areas. At that time It 
was noted that the total flange thickness was 0.200 inch greater than 
expected. This was later determined to be due to excessive thickness 
of the six circumferential plies which were prepared from filament- 
wound preforms. 

The housing layup was cured using vacuum bag autoclave techniques.  Due 
to the very complex contour of the layup, a double bag was used to 
decrease chances of leaks through the vacuum bag plastic.  The part was 
cured at 95 psi and 350oF for a period of 2 hours.  After cure, the 
housing was allowed to cool to room temperature under pressure prior to 
bag removal.  The bag and bleeder material were removed from the part 
and the mold tool was disassembled.  No difficulties were encountered 
during the removal of the tool from the cured housing. 

After the excess resin flash was removed from the cured housing, 
measurements were made to determine wall and flange thicknesses.  The 
inner wall thicknesses were found to be slightly less than design 
requirements.  The thicker buildup areas at the upper and lower por- 
tions of the housing wall were thinner than specified on the drawing, 
while the flange thicknesses were approximately 0.150 inch greater 
than the drawing dimensions.  To compensate for the thinner portion of 
the housing wall at the flange/wall intersection, a secondary layup was 
made in this local area. This Increased the thickness sufficient to 
accept the base disc cover plate. 
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Figure 20. Layup of Circumferential Tape in Che 
Barrel Section of the Transmission Housing. 

Figure 21. Tailoring of the Tape To Fit 
Around the Molded Bearing Inserts. 

41 

L A 



At the same time the extra buildup was added to the flange/wall area, 
prepreg piles were applied  to the wall/bearing Insert   area and are In 
accordance with the design.    These two layups were cured simultaneously 
In a vacuum bag  under 95 psl  pressure. 

The next step In the fabrication of the housing was the machining of 
the flange and mating surfaces for the base  disc ring and the Inner 
bearing mount.    However,   this was not accomplished until the two pre- 
assembled details were  fabricated and their actual dimensions used to 
assure that the mating  surfaces would align properly. 

As a result of tests conducted on S/N 1 housing, design modifications 
were made and incorporated  into the fabrication process of the S/N 2 
housing.    Also, unlike  S/N 1 procedures,  the bearing  inserts were not 
Installed into  S/N 2 housing until one-half of the layup had been 
completed.    This change was made to simplify the layup of the case 
wall.    Figures 18 and  19  show the modifications made  in the number of 
piles and orientations  used  in the  S/N 2 housing.     Figure 22  shows 
the additional buildup that was applied to the outside of the housing 
at the flange/wall area  in a secondary layup and cure operation. 

Inner  Bearing Mount 

During the conceptual design phase it was planned to  lay up the inner 
bearing mount  from graphite prepreg directly onto the  inner surface of 
the cured housing wall.     To accomplish this.it was planned to prepare 
wash-out mandrels to form the contour of the inner bearing mount. 
Due to the close-tolerance dimensional requirements and the overall 
complexity of the inner bearing mount design,  it was  later determined 
that a better approach was  to fabricate a cured subassembly and 
secondarily bond it to the inner housing wall. 

The layup of the graphlte/epoxy prepreg was done manually and was 
completed in one step  (Figure 23).    Vacuum bag autoclave cure tech- 
niques were used to cure the bearing mount element.    After cure,  the 
part was removed  from the aluminum tooling and trimmed  to final size 
prior to installation In the housing.     Some removal of localized 
material was required to achieve an acceptable fit of the inner bearing 
mount between the cover plate and the housing wall. 

Bearing Support Base Plate 

The bearing support  base  plate was  laid up manually  in a  female tool 
from prepreg  tape.    Continuous piles were  laid against   the mold 
surface and the surface which is exposed.    The interior of these 
sections consisted of short chopped fiber material obtained from the 
prepreg  salvage.    After completion of the  layup,  the  part was autoclave 
cured at  95  psl and 350°F.     Figure 24  shows  the bagged   layup after 
removal  from the autoclave,  and Figure 25  shows  the part after removal 
from the mold. 
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Figure 22.    Modification of Exterior of Flange on S/N 2. 
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F i g u r e 23. Layup of t h e I n t e r n a l 
Bearing Support Component. 
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Figure 24. Bagged Wheel-Shaped Bearing Support 
After Removal From Autoclave Cure. 

Figure 25. Cured Bearing Support Base Plate 
and Glass/Epoxy Tool. 
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Machining 

All machining operations were accomplished by grinding with an aluminum 
oxide grinding wheel mounted  in a horizontal milling machine.     The 
first machining step involved grinding the flange surfaces.    This was 
required to accurately position and  locate the base disc cover. 

The  second machining step involved  the grinding of the outside  diam- 
eters  of  the top and  bottom  flanges on the gear case housing.     These 
diameters were made true to the outer diameter of the housing case 
which was formed by the layup tool.     Having established this diameter 
and  the flange thickness,  the 4°   tapered surfaces were machined on the 
inside of the gear housing and on the outside of the base disc   cover 
for the eventual mating and assembly of these two parts   (Figures 26 
and  27). 

The third machining operation involved the rough machining of  the 
remainder of the assembled gear housing and was performed on  S/N 1 
case only.    In this  step, the bearing support  faces were ground  to 
dimension, as well as the bearing  insert hole and the base disc  cover. 
Case  S/N 2 was left oversize in all areas to be final machined prior 
to  installation into a transmission case test  rig. 

Assembly 

The assembly of the housing shell, base disc cover, and inner bearing 
mount was accomplished by secondary adhesive bonding.  Each of the 
three details was prefit and measured for dimensional accuracy prior 
to bonding. 

The first step in the assembly was the bonding of the base disc cover 
to the housing shell. Mating surfaces were lightly sandblasted prior 
to the application of EA 934 epoxy adhesive.  An ample quantity of the 
adhesive was applied to both surfaces to assure that all interfaces 
were completely coated and that no voids existed in the glue line. 
After the assembly of the two details, the excess adhesive was removed 
from the edges of the mating interface. The part was then clamped and 
allowed to cure for 16 hours at room temperature. An additional post- 
cure in an air-circulating oven for 2 hours at 200oF completed the 
cure of the adhesive. 

The second bonding step involved the installation of an inner bearing 
mount between the base disc ring and the housing wall. After a proper 
fit was obtained, the bonding of the inner bearing mount was accom- 
plished in the same manner as the base disc cover. 

The third bonding operation Involved the installation of the oil reser- 
voir cups over the two bearing inserts in the housing wall.  After 
proper fit was obtained, the two reservoir cups were bonded in place. 
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Figure 26. Machining of the Flanged 
Barrel Section of the 
Transmission Housing. 

Figure 27. Machining of the Wheel 
Shaped Bearing Support 
Bast Plate. 

Reproduced from 
best available copy. 



The final task In the assembly operation was the Installation of the 
bushings  (Figure 28, D/N 4711)     In the flange mounting holes and the 
Installation of the bearing  Inserts In the base disc  cover and the 
Inner bearing mount.    Also during this final task the glass-reinforced 
epoxy bulk molding compound bosses located on the external  surface of 
the housing shell were fit and bonded at their proper location.    The 
finished housing  is shown In Figure 29. 
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Figure 28.    Insert,  Helicopter Tranamlsslon Housing 
(WRD Drawing No. 4711). 
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Figure 29. Completed Carbon Composite Transmission 
Housing. 
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HOUSING   STIFFNESS EVALUATION 

Stiffness Tests 

Stiffness tests were conducted on the magnesium and on the graphlte/epoxy 
transmission housings.    Both the  torslonal   -stiffness and  the axial  tension 
stiffness were measured at  room temperature and at 250oF.    In order  to 
compare directly the relative stiffness of the housings,   identical   fix- 
tures,  instrumentation, and test  loadings were used.    For the axial condi- 
tion,  both flange-to-flange stiffness and the cylindrical body stiffness 
were measured.    Dual strain gage extensometers were calibrated and used 
for measuring axial extension and  torsional  rotation.    For the body 
section,  two strain gages were bonded to the body of the transmission 
housing,   5 inches  apart.    The arrangements   for the tests are shown in 
Figures   30 and   31,    respectively.     Figures   32 and  33 show the case  being 
tested  for  torsional and axial  tension loading conditions.    The cases 
were  loaded  to  25% of limit  load conditions.     Load deflection curves are 
shown in Figure   34 for room temperature and  in Figure  35 for elevated 
temperature of 250oF. 

Comparison Between the Plastic Composite and Metal  Housing 

For  the purpose of stiffness comparison,  parameters  in the form of  spring 
constants were selected and determined analytically and experimentally. 
These  spring constants are  specified by lb/in.  of axial elongation,  and 
by in.-lb/rad of torsional  rotation.     They were determined for the 
magnesium housing and for the two  fabricated graphite composite housings. 
The values are summarized in Table VI. 

After  the  first composite housing   (S/N 1)  had  been tested,   it was  found 
that  the  stiffness was less  than predicted.     The axial tension stiffness 
was  especially  low.      In order to  identify reasons,  the axial stiffness 
of the cylindrical section was  compared with  the  total stiffness   from 
flange  to  flange.     It was  found that   the axial  stiffness  of  the composite 
cylinder was double that of  the magnesium case. 

Thus, the main deformation in the composite case was caused  by the deflec- 
tion of the flanges.    This deformation was not  considered  in the analyti- 
cal predictions, as it was considered negligible.      The problem was com- 
pounded by the  fact that fiber orientation in the flange of  S/N 1 deviated 
from the design requirements.    This occurred as a result of excessive 
thickness per ply for the hoop reinforcement, which made it necessary to 
remove a number of plies by machining the flange to the required thickness. 
This  in turn changed the overall fiber orientation in the flange. 

Case  S/N 1 was tested at elevated  (250oF) and ambient temperature for 
torsional  stiffness.    At the elevated temperature condition, a 23% in- 
crease in stiffness over the metal case was measured.    It was determined 
that the ply thickness of the layup  in the barrel section of the case was 
somewhat  less than specified  in the design.    The actual wall thickness of 
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Load Applied by 
Tlnlus Olsen Testing Machine 

Load 

Figure 30.    Tension Test, 
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Load Applied by 
Tlnius Olsen Testing Machine 

Load 

Figure 31.    Torsion Test. 
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Figure 32. Tension Stiffness Test. 

Figure 33. Torsion Stiffness Test. 
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the composite case was 0.165  Inch as opposed to 0.190 Inch required. 
Calculations showed that additional material needed to give the required 
thickness would have resulted  in approximately a 33% increase in stiffness 
over the metal case. 

As a result of these tests and their analysis, the second composite 
housing (S/N 2) was substantially stiffened through the addition of 
graphite/epoxy material  in the flanges and in the cylindrical body. 

Tests were then conducted to determine the stiffness of S/N 2.    Due to the 
requirement that the bearing mounting holes not be final machined and the 
steel ring not be installed in these holes,  the deflection at and near 
these holes was expected to be  larger.    To prepare a more realistic esti- 
mate of the stiffness, three deflection measurements were  taken 
for both axial and torsional stiffness,    lire gages were placed at three 
positions, 120° apart, around the circumference of the case. 

The results of these tests  indicated that the axial stiffness varied 
around the circumference of the case.    If the average stiffness is con- 
sidered,  the composite at  room temperature was much stiff er than the 
magnesium case.    If the  large deflection due to unrelnforced bearing cut- 
out  is disregarded and average deflection is used as a basis  for stiffness 
calculation, the composite case was 80% stiff er than the magnesium case. 

In the torsion test, another factor complicated the  stiffness definition. 
Since the torque load was  introduced to the  flange by  17 bolts,  the flange 
load would be uniform only  if all  17 bolts were loaded  equally.     Since 
some bolts had a closer fit  than others, a nonuniform loading  resulted. 
Again the shaft hole, without the steel reinforcing,  produced  relatively 
large deflections at one location.    Thus, the average of the other two 
deflections   was   utilized   for calculating stiffness.    For torsion, the 
room-temperature stiffness based on average deflection  (neglecting con- 
tribution by hole deformation) was 256% greater than the magnesium case. 
At  250oF the stiffness was approximately identical  to  the room-tempera- 
ture values, but was 300% greater than the magnesium case. 

Table VI  includes the  summary of values for the spring constants for 
the three gear housings  investigated and the percentage of actual Improve- 
ment achieved on the composite housings as compared with the magnesium 
housing.    Since one of the design goals of the program was to achieve a 
50% increase in stiffness,  comparison of the tabulated data  shows that  in 
most  cases this design goal has been met.    The analysis of the spring 
constants  Is presented  in Appendix III. 
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CONCLUSIONS AND RECOMMENDATIONS 

The feasibility of  fabricating helicopter transmission housings made 
from graphite materials  has  been demonstrated by  the successful  fabri- 
cation and testing of two  prototype housings.    The  required improvement 
in stiffness parameters was achieved and exceeded. 

The axial tension loading condition proved the most difficult for obtaining 
Increased housing stiffness through the use of fibrous composite materials. 
Specifically,  the flange area and shaft openings presented problems for 
keeping deflection down.     For case S/N 1, bending of the flange was encoun- 
tered.    For the redesigned case  S/N 2, flange bending was eliminated, and 
the deflections measured were primarily attributed  to shear deformation in 
the flange area.    This conclusion is supported by the decrease in stiffness 
at  elevated  temperature.   Indicating resin matrix dependency for this 
loading condition.     Future  efforts should examine  flange configurations 
for  improved efficiency.     It was  easier to achieve  the  improved torsional 
stiffness. 

The simplified stiffness  test employed for the composite transmission 
housing did not consider the combined  loading conditions or the reinforcing 
effects of steel bearing Inserts and shafts which will be experienced in 
actual use.     In order to obtain a more accurate picture of the housing's 
stiffness characteristics   in future development efforts,   testing should be 
performed on composite and metal  transmission housings  in greater detail 
and depth.    This  testing  should  include combined  loading conditions, a 
larger  number of strain gages, and  fitting the housing with steel bearing 
inserts, simulated shafting, etc. 

The manual layup method employed for fabrication of these prototype trans- 
mission cases is time consuming and costly. The development of mechanized 
fabrication methods and design adjustments to improve the producibility of 
the housing are recommended. 

The prototype transmission case developed under this program is essentially 
a duplication of  the metal  configuration.     Typically,  this approach does 
not  fully utilize  the properties of the composite material.    Future efforts 
should be devoted to  investigation of design configurations which allow 
more design freedom and efficient  utilization of the composite material. 
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APPENDIX I 
LOAD ANALYSIS 

This appendix includes the following items: 

Discussion 

Loading Condition I, Sheet No. 1 

Distributed Bending Loads, Case Upper Surface, Sheet No. 3 

Distributed Axial Loads, Case Upper Surface, Sheet No. 4 

Shear Flow, Case Upper Surface, Sheet No. 18 

Shear Flow, Case Lower Surface, Sheet No. 5 

Distributed Bending Loads, Case Lower Surface, Sheet No. 6 

Distributed Axial Loads, Case Lcwer Surface, Sheet No. 6 

Forward Pinion Bearing Loads, Sheet No. 12 

Aft Pinion Bearing Loads, Sheet No. 13 

Vertical Shaft Lower Bearing Loads, Sheet No. 16 

Loading Condition II, Sheet No. 19 

Shear Flow, Case Upper Surface, Sheet No. 19 

Distributed Bending Loads, Case Upper Surface, Sheet No. 20 

Distributed Axial Loads, Case Upper Surface, Sheet No. 20 

Shear Flow, Case Lower Surface, Sheet No. 21 

Distributed Bending Case Lower Surface, Sheet No. 21 

Distributed Axial Case Lower Surface, Sheet No. 21 
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DISCUSSION 

Loads  for the composite material helicopter transmission gear housing 

are obtained from Bell He! 

conditions are considered; 

are obtained from Bell Helicopter Company Report' '.    Tvo loading 

CONDITION I 

Rolling pullout with maximum left tail rotor thrust 

CONDITION II 

Forward    (8g)  crash 

Internal gear loads and bearing  loads acting on the case are calculated 
f2j 

using data obtained from Bell Helicopter Company Report       ,   IBM 360 

Program A-101. 

NOTE:     On the following hand-written pages of this appendix, the 
stress analyst made numerous references to other page 
numbers of the appendix.    These page numbers refer  to the 
sheet numbers in the  lower right-hand box of each page. 
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LOADS AT LOWER BEARING OF VERTICAL SHAFT (POINT "D") 

LOADING CONDITION I 

»DS ■ 3373 lb 
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(RDFWD2  + RDS2 >       =    3995  lb    (Ultimate) 
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APPENDIX H 

STRESS ANALYSIS 

This appendix includes  Che following items: 

Discussion 

Figures    36 through 43 

Basic Cylinder Wall  - Loads,   Sheet No.   1 

Basic Cylinder Wall  - Layup,   Sheet No.   2 

Basic Cylinder Wall  - Stiffness,  Sheet No.   3 

Basic Cylinder Wall   - Compression Stress,   Sheet No. 4 

Basic Cylinder Wall   - Tension Stress,  Sheet No.   6 

Basic Cylinder Wall  - Shear Stress,  Sheet No.   7 

Discontinuity Stress at Lower Flange/Cylinder Intersection,   Sheet No.11 

Lower Flange Layup,   Sheet No.   14 

Upper Flange Layup,   Sheet No.   26 

Main Drive Bearing Support - Loads,  Sheet No.   29 

Main Drive Bearing  Support  - Ring Analysis,   Sheet No.  32 

Main Drive Internal  Bearing Support,  Sheet No.  40 

Auxiliary Bearing  Supports,  Sheet No.  43 

Base Disc,   Sheet  No.   45 
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DISCUSSION 

The composite material helicopter transmission gear housing is analyzed 

for the loads shown in Appendix I. 

The stiffness of various structural elements of the composite material 

transmission gear housing is calculated and compared to the stiffness of 

the present cast magnesium gear housing.    Stiffness comparisons are made 

using room temperature properties of the materials. 

The strength of the composite material gear housing is checked to determine 

the ability of the housing to support the imposed  loads.    Material properties 

at 350aF are used for the stress analysis. 

Materials used in the composite material helicopter transmission gear 

housing are: 

Graphite/Epoxy Laminate - Modullte 5208 Type  I 

Bulk Molding Compound - EM 7302-1/2 

Adhesive - Hysol Adhesive EA 934 

Allowable stress and modulus of elasticity of the graphite/epoxy 

laminates at  RT and at 350oF are shown in Figures 36  through 43. 

Allowable stresses  for EM 7302 bulk molding compound and   EA 934 

adhesive are obtained from Whit taker Research and Development test data. 
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Figure  36.    Ultimate Tensile Strength of Modmor  I/Epoxy 
fO0,   90°, ± 45°]  Composite Laminate. 
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Figure 37. Ultimate Tensile Strength of Modmor I/Epoxy 
[0°, 90°, ± 45°] Composite Laminate at 350oF. 
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Figure 38.    Tensile Modulus of Elasticity for Modmor 1/Epoxy 
[0°,  90°, ± 45°]   Composite Laminate. 
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Figure 39.  Tensile Modulus of Elasticity for Modmor I/Epoxy 
(0°, 90°, ± 45°] Composite Laminate at 350oF. 
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Figure  40.    Ultimate Compression  Strength of Modmor  I/Epoxy 
[0°,  90°, ± 45°]   Composite Laminate at RT. 
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Figure 43.    Ultimate  Shear Strength for Modmor 1/Epoxy 
[0*,  90°,  ± 45°]   Composite Laminate. 
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APPENDIX III 
STIFFNESS ANALYSIS 

This appendix includes the following  Items: 

Summary 

Magnesium Housing,   Sheet Numbers  1  through  10 

Composite Housing S/N 1,  Sheet Numbers  13,   14,   19,  20 

Composite Housing  S/N 2,     Sheet Numbers   15,   16,   23,  24 
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SUMMARY 

Table I contains  the analytically predicted and experimentally determined 

axial and  torslonal  stiffness of the cast magnesium transmission gear 

housing and of  the graphIte-epoxy composite housing S/N 1 and S/N 2.    Data 

is presented for both room-temperature and 2500F. 

Based on  the analysis  enclosed,  the correlation  between  the experimental 

spring  constants and  the  analytical  predictions    is   better for the axial 

loading  than  for  torsion.     Due  to the  complexity  of  the  transmission 

case,   simplified analysis   considering  the case as  a  cylindrical  shell 

was used  as the model  for both analytical  predictions.    A more  sophisti- 

cated   analysis including either finite-element  techniques or subsect io:; 1 

analysis could be conducted but is not considered warranted.    For example, 

it is assumed in the analysis that the axial ribs contribute very little 

to the torslonal stiffness.    However,   if the axial rib areas were 

"smoothed out",   the effective increase  in cylindrical wall thickness 

would be approximately 36%,  resulting  in an Increase of  the same 

magnitude  In the prediction of the spring torslonal constant.    In addition, 

due to the large reinforcing rings around the cutouts,   some effect on 

torslonal  stiffness might be predicted  if a more detailed analysis were 

conducted. 

Experimental load deflection curves are presented on Figure 36 for room- 

temperature torslonal and axial stiffness and on Figure 37 for 250oF 

torslonal and axial  stiffness. 
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